Hydrogen peroxide (H 2 O 2 ) is a strong oxidizer that causes non-selective oxidation of sulfide minerals, and its influence on bismuth sulfide ores is not well-documented. In this study, H 2 O 2 was proposed as an alternative bismuthinite depressant, and its effect on a Mo-Bi-containing ore was intensively investigated by batch flotation tests. Results showed that the addition of H 2 O 2 significantly destabilized the froth phase, thus decreasing the solids and water recovery. The recovery of bismuth in molybdenum concentrate was dramatically decreased to 4.64% by H 2 O 2 compared with that in the absence of H 2 O 2 (i.e., 50.14%). The modified first-order kinetic model demonstrated that the flotation rate of molybdenite slightly declined after H 2 O 2 addition, whereas that of bismuthinite was drastically reduced from 0.30 min −1 to 0.08 min −1 under the same condition. Simulation revealed that H 2 O 2 affected the floatability of both molybdenite and bismuthinite but resulted in more detrimental effect to bismuthinite. Hence, H 2 O 2 has the potential to act as an effective depressant in bismuth sulfide ore flotation.
Introduction
The Shizhuyuan mine is one of the largest polymetallic deposits in the world, having been famous for its W-Sn-Mo-Bi mineralization zone since exploited in the 1960s [1, 2] . The Shizhuyuan orefield is located in Hunan province, China, which is 15 km from the southeast of Chenzhou city [3, 4] , and includes 750,000 t WO 3 , 490,000 t Sn, 300,000 t Bi, 130,000 t Mo, and 76,000,000 t fluorite [4] . In Dongpo dressing plant, Shizhuyuan ore is first treated with bulk sulfide flotation, followed by tungsten mineral flotation, and fluorite is recovered in the last section. Figure 1 shows the flotation flowsheet of Dongpo dressing plant.
During sulfide flotation, most of the sulfide minerals float, forming Mo-Bi-Fe rougher concentrate. Then, the differential flotation separation of Mo-Bi-Fe sulfide minerals is carried out to produce three distinct Mo, Bi, and Fe concentrates. However, the efficient separation of molybdenite from bismuthinite is a challenge for mineral-processing industries due to their similar flotation behavior. As an environmentally friendly valuable metal, bismuth is widely used in cosmetics and pharmaceuticals [5] . A high flotation recovery of bismuth is undesirable for the final molybdenum flotation concentrates because smelters would not pay for excessive bismuth levels on molybdenum concentrates. Besides, it is uneconomic and inefficient to remove or recover Bi from the Mo concentrate during hydrometallurgy. The efficient and inexpensive separation of bismuthinite from molybdenite at the early stage, such as flotation, is especially important. In the mineral-processing industry, a series of inorganic depressants such as sodium sulfide (Na2S), sodium hydrosulfide (NaHS), potassium dichromate (K2Cr2O7), or their combination, are routinely used to depress the bismuth sulfide minerals [6] [7] [8] . A predominant disadvantage of these inorganic depressants is that most of them are toxic and harmful. Their use is under increasing pressure due to increasingly rigid environmental pollution control regulations [9] . These inorganic depressants cannot lower the mechanical entrainment of the depressed minerals and require large dosages in the mineral industry [10, 11] . As an alternative, polysaccharides have been developed and utilized in sulfide mineral separations. Dextrin is a very effective molybdenite flotation depressant in the absence of a collector [12] . Carboxymethyl cellulose was used to depress bismuthinite and galena during Mo-Bi-Pb separation [13] . However, the use of polysaccharides in froth flotation is associated with non-specific inhibition of all sulfide minerals [14] [15] [16] , which hinders its wider application in mineral-processing plants.
Another important method utilizing oxidants such as hydrogen peroxide (H2O2) have been reported. H2O2 is a strong oxidizer that can produce hydroxyl (OH•) and hydroperoxyl radicals (OOH•), which are a much more effective oxidant [17, 18] . In most cases, H2O2 presents a disadvantageous effect on sulfide mineral flotation due to the formation of hydrophilic oxidation products (e.g., Pb(OH)2, Cu(OH)2, FeOH, and FeOOH) that precipitate on the mineral surface [19] [20] [21] . Hypothetically, H2O2 could give a similar result on the separation of molybdenite and bismuthinite. Nevertheless, no readily available literature reports the influence of H2O2 on bismuthinite. The detailed depression mechanism of H2O2 during flotation of natural sulfide ore has not been explained. Hence, the objective of the present work was to investigate the holistic influence of H2O2 on the flotation performance of a Mo-Bi-containing ore from Shizhuyuan.
Solids and water recovered to the concentrate are also monitored to evaluate the influence H2O2 on the froth behavior. The ore in the concentrate is composed of minerals recovered by flotation and minerals recovered by entrainment [22, 23] . The amount of entrained minerals is related to that of water recovered to the concentrate [24, 25] . The quantity of water recovered to the concentrate is directly dependent on the stability of the froth phase [26] . In general, high water and solids recovery indicate a greater froth stability, whereas a lower value indicates a less stable froth [17] . Solids and water recovery is not directly affected by flotation reagents, but is affected by the changes in froth stability brought by reagent addition [27] . In practice, the recovery of solid and water to the concentrate is usually used to represent the effect of flotation agents on the properties of froth In the mineral-processing industry, a series of inorganic depressants such as sodium sulfide (Na 2 S), sodium hydrosulfide (NaHS), potassium dichromate (K 2 Cr 2 O 7 ), or their combination, are routinely used to depress the bismuth sulfide minerals [6] [7] [8] . A predominant disadvantage of these inorganic depressants is that most of them are toxic and harmful. Their use is under increasing pressure due to increasingly rigid environmental pollution control regulations [9] . These inorganic depressants cannot lower the mechanical entrainment of the depressed minerals and require large dosages in the mineral industry [10, 11] . As an alternative, polysaccharides have been developed and utilized in sulfide mineral separations. Dextrin is a very effective molybdenite flotation depressant in the absence of a collector [12] . Carboxymethyl cellulose was used to depress bismuthinite and galena during Mo-Bi-Pb separation [13] . However, the use of polysaccharides in froth flotation is associated with non-specific inhibition of all sulfide minerals [14] [15] [16] , which hinders its wider application in mineral-processing plants.
Another important method utilizing oxidants such as hydrogen peroxide (H 2 O 2 ) have been reported. H 2 O 2 is a strong oxidizer that can produce hydroxyl (OH·) and hydroperoxyl radicals (OOH·), which are a much more effective oxidant [17, 18] . In most cases, H 2 O 2 presents a disadvantageous effect on sulfide mineral flotation due to the formation of hydrophilic oxidation products (e.g., Pb(OH) 2 , Cu(OH) 2 , FeOH, and FeOOH) that precipitate on the mineral surface [19] [20] [21] . Hypothetically, H 2 O 2 could give a similar result on the separation of molybdenite and bismuthinite. Nevertheless, no readily available literature reports the influence of H 2 O 2 on bismuthinite. The detailed depression mechanism of H 2 O 2 during flotation of natural sulfide ore has not been explained. Hence, the objective of the present work was to investigate the holistic influence of H 2 O 2 on the flotation performance of a Mo-Bi-containing ore from Shizhuyuan.
Solids and water recovered to the concentrate are also monitored to evaluate the influence H 2 O 2 on the froth behavior. The ore in the concentrate is composed of minerals recovered by flotation and minerals recovered by entrainment [22, 23] . The amount of entrained minerals is related to that of water recovered to the concentrate [24, 25] . The quantity of water recovered to the concentrate is directly dependent on the stability of the froth phase [26] . In general, high water and solids recovery indicate a greater froth stability, whereas a lower value indicates a less stable froth [17] . Solids and water recovery is not directly affected by flotation reagents, but is affected by the changes in froth stability brought by reagent addition [27] . In practice, the recovery of solid and water to the concentrate is usually used to represent the effect of flotation agents on the properties of froth behavior [17, 28] .
The froth behavior in the absence and presence of H 2 O 2 was studied to understand the effect of H 2 O 2 on the froth phase. The depression mechanism of H 2 O 2 on bismuthinite and molybdenite was discussed by modifying the first-order flotation rate constant analysis and Pourbaix diagram analysis.
Materials and Methods

Samples and Reagents
Samples
The typical ore (Mo-Bi-containing sulfide ore), supplied by Dongpo (the ore field of Shizhuyuan), was crushed through a jaw crusher to obtain a particle size of 100% passing 3 mm. The X-ray diffraction (XRD) analysis indicated that the major sulfide minerals were molybdenite, bismuthinite, and pyrite. The main gangue minerals were fluorite, quartz, garnet, and calcite. The results are shown in Table 1 . The synthetic bismuthinite was purchased from HAOXI Research Nanomaterials, Inc., Shanghai, China. The synthetic bismuthinite sample was 99.99% in purity. Molybdenite was obtained from China Molybdenum Co., Ltd (Luoyang, China). The molybdenite sample was 92.14% in purity. Industry-grade kerosene and terpilenol were used as collector and frother, respectively, and were used as received. The pH of the pulp during flotation was adjusted by the addition of NaOH and HCl. Analytical grade H 2 O 2 was supplied at 30% purity with no further dilution. Tap water was used in all flotation experiments. All chemical solutions were freshly prepared daily.
Batch Flotation Experiments
One kilogram of crushed ore was ground in a stainless-steel ball mill combined with 500 mL tap water, to achieve a P80 of 75 µm. After grinding, the pulp was transferred to a 3 L XFD-63 single-stage flotation cell. The pulp density in the flotation cell was made up to 30% solids by the addition of tap water. The nature pH of the slurry was~8 and was fixed at 8 by using NaOH or HCl before addition. H 2 O 2 , collector, and frother were added into the cell in sequence, and 3 min of conditioning time was required for each reagent. The agitation speed of 1950 rpm was maintained, and an airflow rate was set to 3 m 3 /h. During flotation, the pulp level was controlled manually throughout by adding tap water. The froth was scraped every 15 s for 20 min. Four concentrates were collected into a pre-weighted collection tray after 2, 6, 12, and 20 min of flotation. The froth was maintained at the height of 2 cm throughout each test by constantly adding tap water. The solids and water recovered to the concentrate were monitored throughout to indicate the froth stability [29, 30] . The amount of water recovered is calculated by subtracting the mass of solids and wash water from the mass of the total concentrate material. Concentrates and tails were filtered, dried, and weighed before being assayed for molybdenum and bismuth by using an AxiosmAX X-ray Fluorescence (Malvern Panalytical, Shanghai, China). All experiments were conducted in duplicate.
The pulp potential (Eh) (vs. Standard Hydrogen Electrode, SHE) and pH were measured using PHS-3E pH meter (Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China). The calibration of pH meter was carried out daily, according to the manual, before experiments.
Thermodynamic Calculations
HSC Chemistry 6.0 was applied to calculate the Pourbaix diagrams for Mo-S-H 2 O and Bi-S-H 2 O systems to discuss the thermodynamic feasibility and flotation behavior of both MoS 2 and Bi 2 S 3 . The thermodynamic data used in this work are listed in Tables 3 and 4 . Most of the data are adopted from the HSC 6.0 software database, which is a commonly used thermochemical software package.
Flotation Kinetics Model
The kinetics of flotation has been widely studied and is often used to analyze the effect of various parameters for flotation process [31] [32] [33] . Various flotation rate models are available, such as the first-order reaction [34] , second-order kinetics [35] , and thirteen-rate models [32] . Among these models, the modified first-order kinetic model proposed by Agar [36] is a well-known classical kinetic model. Xu [31] introduced the concept of a selectivity index into the classical kinetic model to simplify the data comparison. The modified first-order kinetic model can be mathematically expressed as follows:
where R is the cumulative recovery at time t, R max is the maximum theoretical flotation recovery, k is the first-order rate constant (min −1 ), t is the cumulative flotation time (min), K M is the modified flotation rate constant, and S.I. (I/II) is the selectivity index of mineral I over mineral II. All tests in this study were performed by using the same particle size and operating conditions during flotation. The modified kinetic model can be used to investigate whether the H 2 O 2 addition would affect the kinetics of flotation.
X-ray Photoelectron Spectroscopy
Freshly ground molybdenite and freshly prepared synthetic bismuthinite were used for X-ray photoelectron spectroscopy (XPS) samples. The experimental procedure was performed as previously described [11, 19] . The XPS results of the treated and untreated samples were obtained with a K-Alpha 1063 spectrometer (Thermo Scientific Co., Waltham, MA, USA) at ambient temperature. The experiment was conducted using an Al Kα sputtering-ray source operated at 12 kV and 6 mA. The pressure in the analytical chamber at the time of analysis was 1.0 × 10 −12 Pa. All binding energy calibration was based on the neutral C 1s peak at 284.8 eV to compensate for the surface charging effects. Data from the XPS tests were analyzed with XPS Peak 4.1 software. Figure 2 shows the total solids and water recovered to the concentrate as a function of H 2 O 2 concentration. The absence of H 2 O 2 has the highest water and solids recovery. The mass of solids and water significantly decrease with increasing H 2 O 2 concentration. Figure 3 H2O2 concentration has the same trend. The highest amount of solids per unit water was obtained in the absence of H2O2. Increasing the H2O2 concentration from 0% to 0.02% causes a significant reduction in both solids and water recovered. The amount of solids per unit water for the concentration of 0.02%-0.04% was relatively similar, accompanied with a slight increase. Clearly, the solids and water recovery substantially decreases with increasing H2O2 dosage, which suggests that H2O2 has a significant effect on the froth stability. The Eh and pH have a strong effect on the froth phase during flotation [37] which can be altered by H2O2. To eliminate the effect of pH and Eh on the froth stability, its variation was recorded after adding H2O2. Figure 4 shows the changes on Eh and pH after adding H2O2 to the pulp. In the presence of H2O2, the nature Eh was about −57 mv, and the nature pH was around 8. As the H2O2 concentration increased from 0% to 0.04%, the Eh slightly increased to −49 mv, which had no significant effect on the pH. The variation of Eh was very small and that of pH was negligible.
Results and Discussion
Flotation Performances
It is unlikely for Eh to directly affect the solids recovery because the solids recovered to the concentrate cannot be ascribed to the recovery of molybdenite and bismuthinite alone. The content of molybdenite and bismuthinite in the Shizhuyuan ore is only in the region of 0.08% and 0.10%, respectively, which is equivalent to 1.8 g for 1 kg of ore used in each batch flotation. The mass of the solids recovered to the concentrate is in the range of 14-24 g. The solids recovered are dominated by gangue minerals, rather than sulfide minerals. All batch flotation tests were done under the same H2O2 concentration has the same trend. The highest amount of solids per unit water was obtained in the absence of H2O2. Increasing the H2O2 concentration from 0% to 0.02% causes a significant reduction in both solids and water recovered. The amount of solids per unit water for the concentration of 0.02%-0.04% was relatively similar, accompanied with a slight increase. Clearly, the solids and water recovery substantially decreases with increasing H2O2 dosage, which suggests that H2O2 has a significant effect on the froth stability. The Eh and pH have a strong effect on the froth phase during flotation [37] which can be altered by H2O2. To eliminate the effect of pH and Eh on the froth stability, its variation was recorded after adding H2O2. Figure 4 shows the changes on Eh and pH after adding H2O2 to the pulp. In the presence of H2O2, the nature Eh was about −57 mv, and the nature pH was around 8. As the H2O2 concentration increased from 0% to 0.04%, the Eh slightly increased to −49 mv, which had no significant effect on the pH. The variation of Eh was very small and that of pH was negligible.
It is unlikely for Eh to directly affect the solids recovery because the solids recovered to the concentrate cannot be ascribed to the recovery of molybdenite and bismuthinite alone. The content of molybdenite and bismuthinite in the Shizhuyuan ore is only in the region of 0.08% and 0.10%, respectively, which is equivalent to 1.8 g for 1 kg of ore used in each batch flotation. The mass of the solids recovered to the concentrate is in the range of 14-24 g. The solids recovered are dominated by gangue minerals, rather than sulfide minerals. All batch flotation tests were done under the same The Eh and pH have a strong effect on the froth phase during flotation [37] which can be altered by H 2 O 2 . To eliminate the effect of pH and Eh on the froth stability, its variation was recorded after adding H 2 O 2 . Figure 4 shows the changes on Eh and pH after adding H 2 O 2 to the pulp. In the presence of H 2 O 2 , the nature Eh was about −57 mv, and the nature pH was around 8. As the H 2 O 2 concentration increased from 0% to 0.04%, the Eh slightly increased to −49 mv, which had no significant effect on the pH. The variation of Eh was very small and that of pH was negligible.
It is unlikely for Eh to directly affect the solids recovery because the solids recovered to the concentrate cannot be ascribed to the recovery of molybdenite and bismuthinite alone. The content of molybdenite and bismuthinite in the Shizhuyuan ore is only in the region of 0.08% and 0.10%, respectively, which is equivalent to 1.8 g for 1 kg of ore used in each batch flotation. The mass of the solids recovered to the concentrate is in the range of 14-24 g. The solids recovered are dominated by gangue minerals, rather than sulfide minerals. All batch flotation tests were done under the same particle size distribution and solids density [38] ; hence, the decrease in the solids and water recovery can be attributed to the addition of H 2 O 2 . The significant decrease in water and solids recovery may also be an indication that H 2 O 2 has an impact on the froth phase during flotation. particle size distribution and solids density [38] ; hence, the decrease in the solids and water recovery can be attributed to the addition of H2O2. The significant decrease in water and solids recovery may also be an indication that H2O2 has an impact on the froth phase during flotation. Figure 5 shows the recovery and grade of molybdenum and bismuth at pH 8. In the absence of H2O2, the recovery of molybdenum and bismuth were 80% and 50.14% with a grade of 2.0% and 1.71%, respectively. After adding H2O2, the final recovery of molybdenum was slightly decreased, accompanied with an increase in grade ( Figure 5A ). Combined with the analysis of Figures 2 and 3 , the increase in Mo grade is easily ascribed to the lower recovery of solids from the concentrate because most solids in the concentrate are gangue minerals. As for bismuthinite, the final recovery and grade of bismuth was sharply decreased under the same conditions ( Figure 5B ). When the concentration of H2O2 increased to 0.02%, the final recovery and grade of bismuth drastically decreased to 4.64% and 0.22%, respectively. The results indicate that H2O2 exhibits an inhibition to bismuthinite and a negligible effect to molybdenite. The depressing effect of H2O2 could also be observed from the viewpoints of selectivity between molybdenite and bismuthinite. Figure 5 shows the recovery and grade of molybdenum and bismuth at pH 8. In the absence of H 2 O 2 , the recovery of molybdenum and bismuth were 80% and 50.14% with a grade of 2.0% and 1.71%, respectively. After adding H 2 O 2 , the final recovery of molybdenum was slightly decreased, accompanied with an increase in grade ( Figure 5A ). Combined with the analysis of Figures 2 and 3 , the increase in Mo grade is easily ascribed to the lower recovery of solids from the concentrate because most solids in the concentrate are gangue minerals. As for bismuthinite, the final recovery and grade of bismuth was sharply decreased under the same conditions ( Figure 5B ). When the concentration of H 2 O 2 increased to 0.02%, the final recovery and grade of bismuth drastically decreased to 4.64% and 0.22%, respectively. The results indicate that H 2 O 2 exhibits an inhibition to bismuthinite and a negligible effect to molybdenite. particle size distribution and solids density [38] ; hence, the decrease in the solids and water recovery can be attributed to the addition of H2O2. The significant decrease in water and solids recovery may also be an indication that H2O2 has an impact on the froth phase during flotation. Figure 5 shows the recovery and grade of molybdenum and bismuth at pH 8. In the absence of H2O2, the recovery of molybdenum and bismuth were 80% and 50.14% with a grade of 2.0% and 1.71%, respectively. After adding H2O2, the final recovery of molybdenum was slightly decreased, accompanied with an increase in grade ( Figure 5A) . Combined with the analysis of Figures 2 and 3 , the increase in Mo grade is easily ascribed to the lower recovery of solids from the concentrate because most solids in the concentrate are gangue minerals. As for bismuthinite, the final recovery and grade of bismuth was sharply decreased under the same conditions ( Figure 5B ). When the concentration of H2O2 increased to 0.02%, the final recovery and grade of bismuth drastically decreased to 4.64% and 0.22%, respectively. The results indicate that H2O2 exhibits an inhibition to bismuthinite and a negligible effect to molybdenite. The depressing effect of H2O2 could also be observed from the viewpoints of selectivity between molybdenite and bismuthinite. Figure 6 illustrates the curves of Mo recovery versus Bi recovery with different H2O2 concentrations. The results demonstrated that H2O2 could selectively depress bismuthinite and maintain a higher recovery for molybdenite. The flotation with the addition of H2O2 The depressing effect of H 2 O 2 could also be observed from the viewpoints of selectivity between molybdenite and bismuthinite. Figure 6 illustrates floated less bismuth minerals than that without adding H2O2. Thus, the H2O2 improved the selectivity between molybdenite and bismuthinite in flotation. 
Flotation Kinetics
The maximum theoretical flotation recoveries of molybdenum and bismuth and the first-order rate constant obtained from the fitting curves at each H2O2 concentration are presented in Table 2 . The molybdenum/bismuth sulfide selectivity index (S.I.(Mo/Bi)) deduced from the model parameters data was also tabulated in Table 2 . Figure 7 shows the recovery of molybdenum and bismuth as a function of flotation time, and the solid lines stand for the model fit.
As shown in Figure 7A , the recovery of molybdenum was comparatively high. The addition of H2O2 resulted in a slightly lower Mo recovery than the case without H2O2. However, the molybdenum recovery did not vary much with H2O2 concentration. From Table 2 , as H2O2 concentration increased from 0% to 0.04%, the ultimate recovery of molybdenum decreased from 80.51% to 73.36%, following the decrease in rate constant from 0.76 min −1 to 0.46 min −1 . With respect to bismuthinite ( Figure 7B ), both Rmax and k sharply decreased with the increase in H2O2 concentration. The ultimate recovery of bismuth drastically decreased from 50.14% to 4.50%, corresponding to the decrease in rate constant from 0.30 min −1 to 0.08 min −1 . The data indicate that H2O2 exerts a negligible influence on the depression of molybdenite but has an obvious depression effect on bismuthinite.
The calculated selectivity index (S.I.) presented in Table 2 is 4.07 in the absence of H2O2, and the S.I.(Mo/Bi) value was considerably increased to 99.48 when the H2O2 concentration was increased to 0.02%. The high S.I. values of molybdenite over bismuthinite obtained in the presence of H2O2 indicate that H2O2 has a higher separation selectivity for molybdenite and bismuthinite. The addition of H2O2 increased the selectivity of molybdenite against bismuthinite and to a large extent than that observed initially. 
The maximum theoretical flotation recoveries of molybdenum and bismuth and the first-order rate constant obtained from the fitting curves at each H 2 O 2 concentration are presented in Table 2 . The molybdenum/bismuth sulfide selectivity index (S.I. (Mo/Bi) ) deduced from the model parameters data was also tabulated in Table 2 . Figure 7 shows the recovery of molybdenum and bismuth as a function of flotation time, and the solid lines stand for the model fit.
As shown in Figure 7A , the recovery of molybdenum was comparatively high. The addition of H 2 O 2 resulted in a slightly lower Mo recovery than the case without H 2 O 2 . However, the molybdenum recovery did not vary much with H 2 O 2 concentration. From Table 2 , as H 2 O 2 concentration increased from 0% to 0.04%, the ultimate recovery of molybdenum decreased from 80.51% to 73.36%, following the decrease in rate constant from 0.76 min −1 to 0.46 min −1 . With respect to bismuthinite ( Figure 7B ), both R max and k sharply decreased with the increase in H 2 O 2 concentration. The ultimate recovery of bismuth drastically decreased from 50.14% to 4.50%, corresponding to the decrease in rate constant from 0.30 min −1 to 0.08 min −1 . The data indicate that H 2 O 2 exerts a negligible influence on the depression of molybdenite but has an obvious depression effect on bismuthinite.
The calculated selectivity index (S.I.) presented in Table 2 The cumulative grade-recovery curves for molybdenum and bismuth are shown in Figure 8 , respectively. As shown in Figure 8A , a molybdenum recovery of 63% was achieved after 2 min of flotation of the Shizhuyuan ore in the absence of H2O2. After adding H2O2, a marginal decline in the recovery of molybdenum occurred, but a considerable rise in grade for the concentrate collected was observed at the first two minutes. However, the final recovery of molybdenum gradually decreased from 80% to 74% in the H2O2 concentration range of 0%-0.04%, and the grade of molybdenum was almost identical under the same H2O2 concentration range. This is an interesting phenomenon, because the k value derived from Equation (1) presents a downward trend when H2O2 is taken into the pulp ( Table 2 ). As mentioned above, the presence of H2O2 results in lower solids and water recoveries from the concentrate (Figures 2 and 3) . Therefore, it can easily be deduced that the increase of molybdenum grade at the early stage (first concentrate) is ascribed to the lower recovery of solids.
In the case of bismuthinite ( Figure 8B ), the increase in H2O2 concentration shifts the graderecovery curve to the lower left corner. Both the recovery and grade of bismuth decreased throughout the flotation process after adding H2O2. The final recovery of bismuth dropped from 50% to 4% as the H2O2 concentration is increased from 0% to 0.04%. The observations demonstrate that the recovery difference between molybdenite and bismuthinite is continuously enlarged as the H2O2 concentration increases. The cumulative grade-recovery curves for molybdenum and bismuth are shown in Figure 8 , respectively. As shown in Figure 8A , a molybdenum recovery of 63% was achieved after 2 min of flotation of the Shizhuyuan ore in the absence of H 2 O 2 . After adding H 2 O 2 , a marginal decline in the recovery of molybdenum occurred, but a considerable rise in grade for the concentrate collected was observed at the first two minutes. However, the final recovery of molybdenum gradually decreased from 80% to 74% in the H 2 O 2 concentration range of 0%-0.04%, and the grade of molybdenum was almost identical under the same H 2 O 2 concentration range. This is an interesting phenomenon, because the k value derived from Equation (1) presents a downward trend when H 2 O 2 is taken into the pulp ( Table 2 ). As mentioned above, the presence of H 2 O 2 results in lower solids and water recoveries from the concentrate (Figures 2 and 3) . Therefore, it can easily be deduced that the increase of molybdenum grade at the early stage (first concentrate) is ascribed to the lower recovery of solids.
In the case of bismuthinite ( Figure 8B ), the increase in H 2 O 2 concentration shifts the grade-recovery curve to the lower left corner. Both the recovery and grade of bismuth decreased throughout the flotation process after adding H 2 O 2 . The final recovery of bismuth dropped from 50% to 4% as the H 2 O 2 concentration is increased from 0% to 0.04%. The observations demonstrate that the recovery difference between molybdenite and bismuthinite is continuously enlarged as the H 2 O 2 concentration increases. The cumulative grade-recovery curves for molybdenum and bismuth are shown in Figure 8 , respectively. As shown in Figure 8A , a molybdenum recovery of 63% was achieved after 2 min of flotation of the Shizhuyuan ore in the absence of H2O2. After adding H2O2, a marginal decline in the recovery of molybdenum occurred, but a considerable rise in grade for the concentrate collected was observed at the first two minutes. However, the final recovery of molybdenum gradually decreased from 80% to 74% in the H2O2 concentration range of 0%-0.04%, and the grade of molybdenum was almost identical under the same H2O2 concentration range. This is an interesting phenomenon, because the k value derived from Equation (1) presents a downward trend when H2O2 is taken into the pulp ( Table 2 ). As mentioned above, the presence of H2O2 results in lower solids and water recoveries from the concentrate (Figures 2 and 3) . Therefore, it can easily be deduced that the increase of molybdenum grade at the early stage (first concentrate) is ascribed to the lower recovery of solids.
In the case of bismuthinite ( Figure 8B ), the increase in H2O2 concentration shifts the graderecovery curve to the lower left corner. Both the recovery and grade of bismuth decreased throughout the flotation process after adding H2O2. The final recovery of bismuth dropped from 50% to 4% as the H2O2 concentration is increased from 0% to 0.04%. The observations demonstrate that the recovery difference between molybdenite and bismuthinite is continuously enlarged as the H2O2 concentration increases. 
Eh-pH Diagram
The Eh-pH diagrams for the Mo-S-H 2 Tables 3 and 4 , respectively.
Bismuthinite crystals are orthorhombic, commonly massive with foliated or fibrous texture [39] , with crystals of up to 12 cm, stout prismatic to acicular, elongated and striated [40] . Bismuth from the bismuthinite surface can exist as solid species and oxide precipitate (e.g., BiO) on the surface in a potential range of −100 mv to 100 mv at pH 8 ( Figure 11 ). The molybdenum from the molybdenite surface can exist as stable ions MoO 4 2− (Figure 9) , and the sulfur from molybdenite and bismuthinite surface can exist as SO 4 2− ions under the same conditions (Figures 10 and 12 ). During flotation, the potential of the pulp varied from −57 mv to −49 mv (vs. SHE) with the H 2 O 2 concentration increased from 0% to 0.04%. It is expected that oxides will be formed on the bismuthinite surface in this potential region. Therefore, the decrease in the floatability of bismuthinite is likely due to the precipitation of oxidation products (e.g., BiO) on its surface, which renders the mineral hydrophilic. The hydrophilic oxidation products on the molybdenite surface can dissolve as MoO 4 2− and SO 4 2− ions; hence, the surface of molybdenite should remain hydrophobic. However, the flotation results show that the recovery of molybdenite slightly decreases with the addition of H 2 O 2 in aqueous solution. This phenomenon may be attributed to the degree of surface oxidation and the dissolution rate of oxidation products, according to the analysis of Hirajima et al. (2017) [19] . At a low concentration of H 2 O 2 , the surface of molybdenite was slightly oxidized by H 2 O 2 , resulting in a low concentration of oxidation products. The low concentration of oxidation products on the molybdenite surface resulted in a low dissolution rate from the molybdenite surface to the bulk solution. The formation rate of oxidation products on the surface of molybdenite was faster than the dissolution rate of oxidation products from its surface. Thus, the molybdenite surface is still covered by oxidation products, which reduces its floatability. 
The Eh-pH diagrams for the Mo-S-H2O, S-Mo-H2O, Bi-S-H2O, and S-Bi-H2O systems are shown in Figures 9-12 . The upper grey dot lines drawn in each diagram represent O2/H2O, and the lower grey dot lines represent the H2O/H2 stability boundaries. The corresponding Gibbs free energy of formation (∆ / ) for species at 298.15 K are listed in Tables 3 and 4 , respectively. Bismuthinite crystals are orthorhombic, commonly massive with foliated or fibrous texture [39] , with crystals of up to 12 cm, stout prismatic to acicular, elongated and striated [40] . Bismuth from the bismuthinite surface can exist as solid species and oxide precipitate (e.g., BiO) on the surface in a potential range of −100 mv to 100 mv at pH 8 ( Figure 11 ). The molybdenum from the molybdenite surface can exist as stable ions MoO4 2− (Figure 9) , and the sulfur from molybdenite and bismuthinite surface can exist as SO4 2− ions under the same conditions (Figures 10 and 12) . During flotation, the potential of the pulp varied from −57 mv to −49 mv (vs. SHE) with the H2O2 concentration increased from 0% to 0.04%. It is expected that oxides will be formed on the bismuthinite surface in this potential region. Therefore, the decrease in the floatability of bismuthinite is likely due to the precipitation of oxidation products (e.g., BiO) on its surface, which renders the mineral hydrophilic.
The hydrophilic oxidation products on the molybdenite surface can dissolve as MoO4 2− and SO4 2− ions; hence, the surface of molybdenite should remain hydrophobic. However, the flotation results show that the recovery of molybdenite slightly decreases with the addition of H2O2 in aqueous solution. This phenomenon may be attributed to the degree of surface oxidation and the dissolution rate of oxidation products, according to the analysis of Hirajima et al. (2017) [19] . At a low concentration of H2O2, the surface of molybdenite was slightly oxidized by H2O2, resulting in a low concentration of oxidation products. The low concentration of oxidation products on the molybdenite surface resulted in a low dissolution rate from the molybdenite surface to the bulk solution. The formation rate of oxidation products on the surface of molybdenite was faster than the dissolution rate of oxidation products from its surface. Thus, the molybdenite surface is still covered by oxidation products, which reduces its floatability. 
XPS Analysis
XPS was conducted to analyze the surface chemistry of molybdenite and bismuthinite with and without H 2 O 2 treatment. Figure 13A -C shows the XPS spectra of Mo 3d, S 2p, and O 1s, respectively. The Mo 3d spectra are best fitted with three peaks at 232.9, 229.8, and 226.9 eV. The 3d 5/2 peak with binding energy at 229.8 eV has a doublet 3d 3/2 peak located at 232.9 eV, which corresponds to the molybdenite species (MoS 2 ) [41, 42] . The 2s spectra located at 226.9 eV belongs to MoS 2 species [42] . The S 2p spectra depicted in Figure 13B match the binding energy of molybdenite at 162.6 eV and 163.8 eV for 2p 3/2 and 2p 1/2 [43, 44] , respectively. The Mo 3d spectra and S 2p spectra do not show any shifting in energy binding and there is no indication of oxide of molybdenum and sulfur species after H 2 O 2 treatment on molybdenite surface. The effect of H 2 O 2 on surface oxidation of molybdenite can be seen from O 1s spectra ( Figure 13C ). The peak located at 533.5 eV is assigned to the adsorption of oxygen on the molybdenite surface (O 2 /MoS 2 ) [45] . The peak at 532.1 eV that corresponds to the oxide of the molybdenum species shifted to 532.0 eV after H 2 O 2 treatment, supporting the low surface oxidation of molybdenite [11] . The oxidation products are observed in O 1s spectra rather than Mo 3d spectra, which may be due to the dissolution of molybdenum oxides during H 2 O 2 treatment. 
XPS was conducted to analyze the surface chemistry of molybdenite and bismuthinite with and without H2O2 treatment. Figure 13A -C shows the XPS spectra of Mo 3d, S 2p, and O 1s, respectively. The Mo 3d spectra are best fitted with three peaks at 232.9, 229.8, and 226.9 eV. The 3d5/2 peak with binding energy at 229.8 eV has a doublet 3d3/2 peak located at 232.9 eV, which corresponds to the molybdenite species (MoS2) [41, 42] . The 2s spectra located at 226.9 eV belongs to MoS2 species [42] . The S 2p spectra depicted in Figure 13B match the binding energy of molybdenite at 162.6 eV and 163.8 eV for 2p3/2 and 2p1/2 [43, 44] , respectively. The Mo 3d spectra and S 2p spectra do not show any shifting in energy binding and there is no indication of oxide of molybdenum and sulfur species after H2O2 treatment on molybdenite surface. The effect of H2O2 on surface oxidation of molybdenite can be seen from O 1s spectra ( Figure 13C ). The peak located at 533.5 eV is assigned to the adsorption of oxygen on the molybdenite surface (O2/MoS2) [45] . The peak at 532.1 eV that corresponds to the oxide of the molybdenum species shifted to 532.0 eV after H2O2 treatment, supporting the low surface oxidation of molybdenite [11] . The oxidation products are observed in O 1s spectra rather than Mo 3d spectra, which may be due to the dissolution of molybdenum oxides during H2O2 treatment. In contrast with the molybdenite surface, there is significant difference in Bi 4f, S 2s, and O 1s of synthetic bismuthinite between untreated and treated surface. Figure 14A shows the XPS spectra of Bi 4f. Before H2O2 treatment, the highest intensity peaks are found at 158.3 and 163.6 eV, corresponding to the spin-orbit doublet of Bi 4f7/2 and Bi 4f5/2, respectively, of bismuth sulfide [46] [47] [48] . After H2O2 treatment, the presence of shoulders at higher energies of the doublet, 159.6 and 164.9 eV, are associated to the Bi-O bonds [49] . Figure 14B shows the S 2s spectra. The peak at 225.5 eV is in accordance with the Bi-S bond, which is characteristic of S 2s binding energy [50] . The new peak at 232.5 eV after H2O2 treatment is assigned to sulfate [51] . The O 1s spectra presented in Figure 14C are best fitted with two peaks located at 530.1 and 531.4 eV. The former peak corresponds to Bi-O species and the latter is attributed to surface hydroxyls respectively [52] . From the XPS analysis results, it can be easily concluded that H2O2 treatment had a negative effect on the bismuthinite surface due to the formation of oxidation products that precipitate on the bismuthinite surface and alter its surface hydrophobicity. In contrast with the molybdenite surface, there is significant difference in Bi 4f, S 2s, and O 1s of synthetic bismuthinite between untreated and treated surface. Figure 14A shows the XPS spectra of Bi 4f. Before H 2 O 2 treatment, the highest intensity peaks are found at 158.3 and 163.6 eV, corresponding to the spin-orbit doublet of Bi 4f 7/2 and Bi 4f 5/2 , respectively, of bismuth sulfide [46] [47] [48] . After H 2 O 2 treatment, the presence of shoulders at higher energies of the doublet, 159.6 and 164.9 eV, are associated to the Bi-O bonds [49] . Figure 14B shows the S 2s spectra. The peak at 225.5 eV is in accordance with the Bi-S bond, which is characteristic of S 2s binding energy [50] . The new peak at 232.5 eV after H 2 O 2 treatment is assigned to sulfate [51] . The O 1s spectra presented in Figure 14C are best fitted with two peaks located at 530.1 and 531.4 eV. The former peak corresponds to Bi-O species and the latter is attributed to surface hydroxyls respectively [52] . From the XPS analysis results, it can be easily concluded that H 2 O 2 treatment had a negative effect on the bismuthinite surface due to the formation of oxidation products that precipitate on the bismuthinite surface and alter its surface hydrophobicity. In contrast with the molybdenite surface, there is significant difference in Bi 4f, S 2s, and O 1s of synthetic bismuthinite between untreated and treated surface. Figure 14A shows the XPS spectra of Bi 4f. Before H2O2 treatment, the highest intensity peaks are found at 158.3 and 163.6 eV, corresponding to the spin-orbit doublet of Bi 4f7/2 and Bi 4f5/2, respectively, of bismuth sulfide [46] [47] [48] . After H2O2 treatment, the presence of shoulders at higher energies of the doublet, 159.6 and 164.9 eV, are associated to the Bi-O bonds [49] . Figure 14B shows the S 2s spectra. The peak at 225.5 eV is in accordance with the Bi-S bond, which is characteristic of S 2s binding energy [50] . The new peak at 232.5 eV after H2O2 treatment is assigned to sulfate [51] . The O 1s spectra presented in Figure 14C are best fitted with two peaks located at 530.1 and 531.4 eV. The former peak corresponds to Bi-O species and the latter is attributed to surface hydroxyls respectively [52] . From the XPS analysis results, it can be easily concluded that H2O2 treatment had a negative effect on the bismuthinite surface due to the formation of oxidation products that precipitate on the bismuthinite surface and alter its surface hydrophobicity. 
Conclusions
This study seeks to investigate the influence of H2O2 on the flotation performance of valuable minerals from Shizhuyuan ore. The following main observations and conclusions can be drawn:
(1) Increasing H2O2 concentration results in a decrease in the amount of solids and water recovery from the concentrate at pH 8, which indicates that the presence of H2O2 leads to gangue depression and lower froth stability.
(2) The recovery and grade of bismuthinite was drastically decreased from 50.14% and 1.71% to 4.64% and 0.22%, respectively, after adding H2O2, while that of molybdenite were slightly affected. This result suggests that the inhibition effect of H2O2 on flotation is much more pronounced for bismuthinite than in molybdenite.
(3) The flotation rate of bismuthinite was significantly lower than that of molybdenite, which demonstrates that bismuthinite floats more slowly than molybdenite. The addition of H2O2 marginally decreased the flotation rate of bismuthinite and showed a negligible influence on molybdenite.
(4) The results support the possibility of the selective separation of molybdenite and bismuthinite by applying H2O2 into flotation. The separation mechanism might probably be due to the precipitation of oxidation products (e.g., BiO) on the bismuthinite surface that enhances its hydrophilicity. The oxidation products produced by H2O2 on the molybdenite surface dissolved into the solution (e.g., MoO4 2− ), maintaining its hydrophobicity. 
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